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[57] ABSTRACT

An improved frequency to voltage converter utilizes
an exclusive OR logic circuit to reduce the number of
required capacitors. A squaring circuit provides a first
train of squared pulses from a variable frequency
input signal, and a pulse generator in response to the
first train of pulses generates a time displaced second
train of pulses. The first and second pulse trains are
combined in an exclusive OR logic combination to
thereby generate a third pulse train having controlled
pulse widths. The third pulse train is thereupon inte-
grated into a DC signal having mangitude related to
and varying with the frequency of the input signal.
Preferably first and second tracking current sources
control pulse width and pulse height of the third pulse
train so as to provide pulses of substantially constant
energy to the integrator.

11 Claims, 6 Drawing Figures
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, 1
. TACHOMETER CIRCUIT

This invention relates to frequency converters in gen-
eral and, more specifically, to frequency converters of
the type utilizing an integrator for integrating a variable
frequency square wave signal of regulated energy rep-
resentative of the variable frequency input signal to
provide the DC output signal representative of fre-
quency. :

In many dynamic control systems, there is a need to
rapidly and accuragely convert the frequency of an
input signal into a voltage: proportional thereto. One
such system is a vehicle skid control braking system of
the type which selectively inhibits the normal braking
action initiated by the operator of the land vehicle. In
one such system, wheel speed sensors are utilized to
generate AC signals that are proportional to vehicle
wheel speed. The vehicle wheel speed signals are then
processed through a control module which generates a
DC voltage to energize a solenoid in an actuator that
controls the hydraulic braking system to the vehicle’s
wheels. The control module includes a frequency con-
verter for each wheel speed sensor for converting a fre-
quency varying signal into a varymg direct current sig-
nal proportional thereto.

The above-described system is specifically set forth
in copending patent application Ser. No. 025,131 , filed
Apr. 2, 1970, for “VEHICLE SKID CONTROL SYS-
TEM,” which is assigned to the assignee of this applica-
tion.

A detailed description of a prior frequency converter
especially adapted for use in a vehicle skid control sys-
tem is set forth in U.S. Pat. No. 3,611,109, issued Oct.
5,-1971, for “FREQUENCY CONVERTER,” in the
name of James J. Jones.

A frequency converter designed in integrated circuit
form must accurately function over a wide range of
temperature and environmental conditions in a skid
control braking system. As is well known, integrated
circuits are inherently sensitive to temperature and en-
vironmental conditions. Furthermore, lack of exact in-
tegrated circuit process controllability has necessitated
circuit design requiring a generally broad range of tol-
erances, thereby providing generally variant circuits
having variant electrical operating characteristics. Still
further, circuit design requiring precise amount of ca-
pacitance has generally been avoided due to the neces-
sity of utilization of externally supplied capacitive ele-
ments. Such external elements must obviously be elec-
trically connected in external pin connections on the
integrated circuit package. Since the number of pack-
age connections is limited, the number of externally
supplied elements requiring connection to the package
is -preferably minimized. Accordingly, frequency to
voltage converters requiring several externally supplied
capacitors provide less than optimum integrated circuit
designs, such as the frequency converter disclosed in
the above-mentioned U.S. Pat. No. 3,611,109 which
utilizes a pair of capacitors in a double differentiation
technique.

It is therefore an object of the present invention to
provide a frequency converter adapted for integrated
circuit utilization.

It is another object of the present invention to pro-
vide an integrated circuit frequency to voltage con-
verter utilizing a pair of tracking current sources so as
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to provide a compensated DC signal notwithstanding
environmental and manufacturing variances.

It is still another object of the present invention to
provide a compensated integrated circuit frequency to
voltage converter requiring a minimum amount of ex-
ternally supplied capacitive elements.

It is yet another object to provide a frequency to volt-
age converter utilizing an exclusive OR logic circuit to
provide a pulse train representative of the frequency of
the input signal.

It is yet another object of the present invention to
provide a compensated integrated circuit frequency to
voltage converter utilizing an exclusive OR logic com-
bination to provide a pulse train representative of the
frequency of the input signal which is subsequently in-
tegrated to provide a DC output signal representative
of frequency.

SUMMARY OF THE INVENTION

A frequency to voltage converter utilizes an exclusive
OR logic circuit to provide a pulse train representative
of the frequency of an input signal of varying fre-
quency. A squaring circuit provides a first train of
squared pulses from the variable frequency input sig-
nal, and a pulse generator in response to the first train
of pulses generates a time displaced second train of
pulses. The first and second pulse trains are combined
in an exclusive OR logic combination to thereby gener-
ate a third pulse train having controlled pulse widths.
The third pulse train is thereupon integrated into a DC
signal having magnitude related to and varying with the
frequency of the input signal.

In a preferred embodiment especially suitable for in-
tegrated circuit application, first and second tracking
current sources are responsive to the first and third
trains so as to control pulse width and pulse height of
the waveform eventually integrated to provide the de-
sired DC output signal.

The novel features believed to be characteristic of
this invention are set forth in the appended claims. The
invention itself, however, as well as other objects and
advantages thereof may best be understood by refer-
ence to the following detailed description when read in
conjunction with the accompanying drawings wherein:

FIG. 1 depicts one embodiment of the frequency to
voltage converter of this invention;

FIG. 2 depicts a second embodiment of the present
invention;

FIGS. 3a and 3b depict one specific circuit represen-
tation of the embodiment of FIG. 1;

'FIG. 4 represents a specific implementation of the
pulse generator subcircuit of FIG. 2; and

FIG. 5 represents typical waveforms of the frequency
to voltage converter of this invention.

Referring now to FIG. 1, a frequency to voltage con-
verter is shown which is advantageously utilized in inte-
grated circuit applications. A sensor signal, for example
representative of wheel velocity in the aforementioned
vehicle skid control system, actuates a squaring circuit
2 for providing a first pulse train A comprising squared
pulses. The rate of occurrence of the pulses is represen-
tative of the frequency of the sensor signal.

Pulses A then actuate current source 6 and depen-
dent pulse generator 4 which in combination provide
pulse train C. The frequency of occurrence of pulses C
is reresentative of the frequency of the sensor signal
and each pulse thereof comprises width and height of
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inter-related proportions so as to maintain substantially
constant energy in each pulse. That is, the current
source 6 provides a first control signal C1 of a predeter-
mined current amplitude to actuate the pulse generator
4 and to control pulse width of the output waveform C.
Current source 6 also provides a second control signal
C2 having amplitude which proportionally tracks that
of control signal C1, so as to control pulse amplitude
of output signal C. Energy in each of the respective cur-
rent pulses of train C is inter-related by the relationship
between control signals C1 and C2 such that any
change in the pulse width of train C results in a corre-
sponding and opposite change in the pulse amplitude
thereof to thereby maintain equal energy per pulse.
The above described converter maintains substantially
equal energy per pulse over a wide frequency range
which may be crucial in applications wherein the sys-
tem is exposed to varying environmental conditions.
For example, the aforementioned skid control system
must accurately function in extreme temperature and
atmospheric climates.

Integrator 8 thereupon provides DC output signal E
by integrating the regulated pulse train C. By establish-
ing a reference DC value Vggr for output signal E rep-
resentative of a zero frequency of the sensor signal, the
varying magnitude of signal E thereabove is calibrated
to represent instantaneous frequency. The higher the
frequency of the input signal, the higher the total en-
ergy per time period actuating the integrator 8. The
converter of this invention provides an accurate DC
representation of frequency over a broad frequency
spectrum which is highly linear from substantially zero
frequency, heretofore unachievable utilizing conven-
tional integrated circuit techniques.

Referring now to the more specific implementation
of the squaring circuit 2, dependent pulse generator 4,
current source 6, and integrator 8 of the frequency to
voltage converter of FIG. 1, squaring circuit 2 typically
comprises first and second differential amplifier means
10 and 12 coupled together in series. Hysteresis means
14 provides feedback from amplifier 12 to amplifier 10
so as to create hysteresis between the “‘turning on’’ and
the “turning off”’ threshold voltage levels of the differ-
ential pair. Further referring to FIG. 5, there is shown
the pulse train A having squared pulses representative
of the cycles of the sensor signal. Squaring circuit 2 ad-
vantageously functions as a Schmitt trigger to provide
the squared pulses.

Current source 6 comprises current source 30 and
current source 32 generating control currents C1 and
C2, respectively, such that current C2 proportionally
tracks current C1 in amplitude. That is, any distur-
bance or parameter variation causing a fluctuation or
variation in control signal C1 also generates a like vari-
ation in control current C2, Therefore, as current C1
fluctuates causing the pulse width of pulse train C to
vary, current C2 fluctuates in a compensating manner
to cause an inverse variance in the pulse amplitude
which renders pulses of substantially constant energy.

Dependent current generator 4 comprises differen-
tial comparator 18 responsive to control current C1
and to bias signal Vz. Whenever the voltage of wave-
form D exceeds the level established by bias signal Vg,
pulses B are generated. A capacitor 16 controllably
charged and discharged by signal C1 provides voltage
waveform D having time dependent amplitude. Pulse
generator 4 further comprises the Exclusive-OR logic
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curcuit 20 for combining pulse trains A and B in an ex-
clusive OR combination, A & B.

Further included in generator 4 is switch 22 respon-
sive to control signal C2 and to signal A® B to provide
the compensated pulse train C. Switch 22 is preferably
a gating circuit utilizing signal A®B as a gate signal for
selectively passing in response thereto an output signal
of amplitude controlled by signal C2.

Referring again to FIG. 5, the first pulse of train A is
shown exhibiting a first amplitude, and a second pulse
of train A is shown exhibiting a modified amplitude, for
purposes of illustration only shown as a positive in-
crease in amplitude A h. As noted earlier, operational
current and voltage levels in integrated circuits are sub-
ject to change with environmental conditions exempli-
fied by A 4 in pulse II of train A. Control signals C1 and
C2 likewise reflect increased amplitude levels.

Threshold Vj is shown in relationship to waveform
D. The positive and negative slopes of waveform D are
a function of the charging and discharging rate of ca-
pacitor 16, respectively, which rates are a function of
control current C1. Each pulse of waveform D advanta-
geously exhibits positive and negative slopes of sub-
stantially equal magnitude. When voltage waveform D-
exceeds threshold Vj, differential comparator 18 gen-
erates signal B. Pulse trains A and B are thereafter
combined in an Exclusive-OR logic combination by the
logic circuit 20 to produce A @ B; that is, to produce a
pulse train exhibiting pulses whenever the logic states
of train A and train B are opposite.

Switch 22 is utilized to selectively pass control signal
C2 in response to the gating signal A @ B. Pulse train
C accordingly has pulses exhibiting width controlled by
signal C1 and height controlled by signal C2.

Waveform D is also shown responsive to the current
changing condition above mentioned.  When control
signal C1 increases in value, capacitor 16 charges and
discharges at an increased rate. Differential compara-
tor output signal B is accordingly modified, exhibiting
a pulse II time displaced from a non-modified position.
Accordingly, when signals A and B are exclusively OR
combined, pulses IIl and IV of A ®B are generated of
diminished width and accordingly of diminished en-
ergy.

Control signal C2, however, also increases in ampli-
tude in response to the change and therefore when sig-
nal A ® B gates signal C2 via switch 22, output signal
C generated having increased amplitude. In FIG. 4,
total energy per pulse is calculated according to the
formula

Energy=w X h

Eqn. 1

The relationship between control signals C1 and C2 is
such that w, — wy/w, = hy, — h; [h,. Therefore, w, X h,
= w, X h, or total energy per pulse is maintained con-
stant. '

Integrator 8 comprises operational amplifier 26 hav-
ing filter 28 providing a feedback signal E to one of the
input terminals. The other input terminal receives a ref-
erence signal, Vggr, which is adjusted so as to provide
a DC output signal E representative of zero frequency
when the frequency of the sensor signal is zero. The in-
tegrator 8 further comprises integrating capacitor 24
for integrating compensated signal C.
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SECOND EMBODIMENT

Depicted in FIG. 2 is a second embodiment of the
present invention utilizing a dependent pulse generator
comprising programmable one-shot circuits. Squaring
circuit 2, current source 6, and integrator 8 are essen-
tially as described with respect to FIG. 1. This embodi-
ment is the subject matter of copending application,
“integrated Circuit Frequency to Voltage Converter,”
Ser. No. 320,332 filed January 2, 1973,

Dependent pulse generator 4, however, comprises

_first and second programmable one-shot circuits, 40
and 42, responsive to signal A and signal A inverted,
respectively. Inverter 44 provides signal A inverted as
the input signal to one-shot circuit 42. Current source
CS1 controls the duration of the output pulse of each
of the one-shots 40 and 42, while signal A actuates the
one-shots to provide the pulses. The output of the one-
shots is then logically NORed by logic circuit 46. The
output of the NOR circuit 46 is utilized to actuate the
switch 22 as above described with respect to FIG. 1 to
provide an input to the operational amplifier having a
compensated output controlled by current source CS2.

~ FIG. 4 depicts one possible programmable one-shot

‘suitable for implementing circuits 40 and 42. Transis-
tors T100 and T102 are connected with common emit-
ters, and the base terminal of T102 is connected to the
collector terminal of T100, while the collectors are re-
sistively coupled. Resistors R100-R102 bias the transis-
tor pair such that T102 is conducting when T100 is
non-conducting and conversely. When the voltage on
the base of transistor T100 is sufficiently increased to
force T100 into the conductive state, transistor T102
becomes non-conductive until the input signal forces
transistor T100 non-conductive.

When signal A increases to a logic 1 state, transistor
T100 becomes non-conductive and the voltage on the
base of transistor T100 increases at a rate determined
by the charging rate of capacitor C100, itself deter-
mined by the control signal C1 supplied from current
source CS1. The greater the current from current
source CS1, the greater the charging rate of capacitor
C100. Other one-shot generators featuring program-
mable pulse widths are also suitable utilized within the
scope of this invention.

Shown in FIG. 3 is a specific implementation of the
frequency to voltage converter depicted in FIG. 1. Dif-
ferential amplifier 10 comprises input transistor T1,
differential pair transistors T2 and T3, and biasing tran-
sistor T4. Differential amplifier 12 comprises differen-
tial transistor pair TS and T6 and current source tran-
sistor T7. Hysteresis circuit 14 comprises resistor R1
coupling the base of differential transistor T3 and the
collector of differential transistor T5. Current source
transistor T7 is a multi-collector PNP transistor having
one of the multiple collectors connected to its base.
Preferably the current ratio between the collectors of
the multi-collector transistor is 1:1. The output of the
differential amplifier 12 is developed across resistor R2
which is coupled to the other collector of current
source transistor T7.

Current source 6 comprises biasing transistors T8-
T10 connected so as to bias current source transistors
T11-T13. Current source transistors T11-T13 are mul-
ti-collector PNP transistors having collector currents
preferably in the 1:1 ratio. Transistor T11 supplies con-
trol current C1 and C1’ respectively while transistor
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T13 supplies control current C2 and C2'. It is noted
that control current C1’' and control current C2 are
generated by a respective pair of commonly connected
collectors.

Differential comparator 18 in the dependent pulse
generator 4 comprises transistors T14-T17. Current
source transistor T12 supplies bias current to the com-
mon emitters of transistors T15 and T16 and the input
to the differential comparator 18 is on the base of tran-
sistor T4,

Control current C1’ drives current transfer transis-
tors T18 and T19 which are controlled by switching
transistor T20. The collector of transfer transistor T19
is connected to control capacitor 16 and to the input
of the differential comparator 18.

The output of the differential comparator is on the
collector of diffential transistor T16 which is coupled
as an input to the exclusive OR circuit 20. The base of
differential transistor T17 is resistively biased to pro-
vide a selective bias voltage V.

The exclusive OR circuit 20 comprises transistors
T40 and T21-T23. The signal A input is on the base of
transistor T40 while the signal B input is on the base of
transistor T23. Transistors T21 and T23 have common
collectors which provide the output of the exclusive
OR circuit 20 providing the signal A © B.

Switch 22 comprises transistor T24 having its base
connected to the output of the exclusive OR circuit 20
and having its collector coupled to control signal C2 for
selectively shunting it to circuit ground.

Current transfer transistors T25 and T26 have bases
commonly connected to the collector of switching tran-
sistor T24 for receiving control signal C2. The collector
of transfer transistor T26 provides output signal C
which is subsequently integrated. It will be recognized
by those skilled in the art that integrator 8 is of the type
utilizing first and second sets of current sources for bi-
asing a differential transistor pair, and the operation
thereof is in accordance therewith. Integrator 8 com-
prises integrating capacitor 24 connected to the collec-
tor of current transfer transistor T26 and to the input
of the operational amplifier. Coupling into the integra-
tor on the collector of transistor T26 advantageously
provides high impedance which improves linearity over
conventional diode couplings. The operational ampli-
fier may suitably by any operational amiplifier having
sufficiently high gain and low input offset voltage so.as
to insure linearity and frequency to voltage gain accu-
racy over broad temperature and frequency ranges. In
FIG. 3, for example, the base of differential pair transis-
tor T32 is coupled to receive a reference voltage Vg
and the base of the other reference transistor T33 is
coupled through the R-C filter to the integrating capac-
itor 24 and to the input signal C. The collector of bias
transistor T31 provides the DC level signals having
magnitude related to the frequency of the sensor signal.

Operation of the dependent puise generator 4 with
respect to the current generator 6 is as follows. Refer-
ring to the voltage waveform D of FIG. 5 which is de-
veloped across control capacitor 16, input signal A ac-
tuates switching transistor T20 which controls current
transfer transistors T18 and T19, When signal A drives
switching transistor T20 conductive, current transfer
transistors T18 and T19 are driven non-conductive. In
response thereto control current C1’ is shunted
through switching transistor T20 to circuit ground, and
current C1 charges capacitor 16. Control current C1 is
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one-half the magnitude of control current C1’, as con-
trol current C1’ is generated by a pair of commonly
connected collectors having a collector current ratio of
1:1. Capacitor 16 charges according to

i = c dv/dt

Eqgn. 2

wherein i = current C1 which is substantially constant.
Accordingly the positive slope of waveform D (dv/dt)
is constant and controlled by current C1. The larger the
value of the capacitor 16 or the smaller the control cur-
rent C1, the less is the positive slope of waveform D.

When input signal A becomes a logic low to force
switching transistor T29 into the non-conductive state,
transistors T18 and T19 become conductive to conduct
control currents C1’ and C1 to circuit ground. The
transfer transistors T18 and T19, having commonly
connected bases and commonly connected emitters,
with the collector of transistor T18 tied back to the
common bases, function to provide and maintain equal
currents in the respective collector-emitter paths
thereof. However, current source transistor T11 is sup-
plying twice as much current in control current C1’' as
in control current Cl. Accordingly, transistor T19
draws the difference of C1' — C1 current from control
capacitor 16. As control currents C1’ and C1 are nor-
mally constant in magnitude, the amount of current
generated from capacitor 16 is also constant, as deter-
mined by Eqn. 2. Accordingly, the rate of voltage
decay of capacitor 16, the negative slope of waveform
D, is controlled by the difference between control cur-
rents C1' and C1, which is substantially equal in value
to current C1. The negative-going slope of waveform D
is substantially constant and equal in magnitude to that
of the positive-going slope, as capacitor 16 is either
being charged or discharged by a relatively constant
amount of current. As will be shown later, the C1
amount of current, whether constant or slightly varied
due to any of a plurality of environmental conditions,
is directly proportional to control current C2 which ac-
tuates integrating capacitor 24 and the operational am-
plifier.

Signal D thereupon actuates differential comparator
18, and when it exceeds in amplitude the bias voltage
on the base of differential transistor T17, Vg, transistor
T16 conducts to provide output signal B on the collec-
tor thereof. In effect, signal B is representative of signal
A having time displacement determined by the positive
and negative slopes of signal D.

Signal A and signal B are thereupon exclusively OR
combined by the logic circuit 20 to provide signal C to
the base of switching transistor T24. Swtiching transis-
tor T24 is actuated upon the logic condition that signal
A is opposite in logic state from that of signal B.

Signal C thereupon actuates switching transistor T24
of switch 22 whenever transistor T24 becomes conduc-
tive, and control current C2 is shunted therethrough to
ground. Current transfer circuit CS2 is thereupon deac-
tuated causing a logic zero input to the integrator 8.

When switching transistor T24 becomes non-
conductive to allow control current C2 to flow through
current transfer circuit CS2, current transfer transistor
T26 maintains a like amplitude of current there-
through. This amplitude which is substantially equal to
that of control current C2 is thus substantially equal to
control current C1 and accordingly tracks current C1
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and any changes therein. Control current C2 thus con-
trols the amplitude of the pulse integrated by integrator
8, and control current C1 essentially controls the pulse
width of the input to the integrator.

Thus, even though control currents C1 and C2 may
vary, they track or follow each other so as to maintain
a constant total energy per pulse as an input signal to
the integrator 8. Energy is essentially that which the op-
erational amplifier measures to provide the DC signal
output which is representative of the frequency of the
sensor signal input.

The above described frequency to voltage converter,
utilized in an integrated circuit so as to provide a con-
stant gain to the integrator notwithstanding changing
environmental conditions or even variances in repro-
ducibility inherent in integrated circuit processing, is
also advantageously utilized in that it only requires a
minimum number of discrete capacitors to provide the
overall function. Not only is cost reduced by reducing
the number of externally supplied components, but also
oftentimes crucially needed space becomes available
for other applications.

Although preferred embodiments of the invention
have been described in detail, it is to be understood
that various changes, substitutions and alterations can
be made therein without departing from the spirit and
scope of the invention as defined by the appended
claims.

What is claimed is:

1. A frequency converter responsive to a variable fre-
quency signal comprising: '

a. squaring circuit means responsive to said variable
signal for generating a first train of squared pulses
having time displacement related to the frequency
of said variable signal and having an amplitude
switching between first and second states;

b. pulse generator means responsive to said first train
of pulses for generating a second train of pulses,
each pulse thereof characterized as having time
displacement related to a change of state of said
first train and having a selectively programmable
pulse width;

c. logic means for providing an exclusive OR logic
combination of said first and second pulse trains to
thereby generate a third pulse train having pulses
of width determined by said time displacement be-
tween said first and second pulse trains; and

d. integrator means responsive to said third pulse
train for integrating said third pulse train into a DC
signal having magnitude related to and varying with
the frequency of said variable frequency signal.

2. The combination of claim 1 wherein said pulse

generator means comprises:

a. storage means including a capacitor having a con-
trolled rate of charge and discharge; and

b. a differential comparator for generating said sec-
ond pulse train responsive to the relationship be-
tween the charge on said capacitor exceeding a
predetermined threshold level.

3. The combination of claim 2 wherein the compo-
nents comprising the frequency converter are included
in an integrated circuit.

4. The combination of claim 3 and including a first
current source responsive to said first pulse for generat-
ing a first control signal for actuating said capacitor and
thereby controlling the pulse width of said second pulse
train.
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5. The combination of claim 4 wherein said integra-
tor means includes an integrating capacitor coupled
to receive said third pulse train.

6. The combination of claim 5 and further including
a second current source for generating a second con-
trol signal of magnitude substantially equal to said first

control signal for controlling the amplitude of said third -

pulse train proportional to the pulse width of said sec-
ond pulse train.

7. The combination of claim 6 wherein said second
current source includes an output transistor having a
collector coupled to said integrator means for pro-
viding a relatively high impedance thereto.

8. The combination of claim 7 wherein sald squaring
circuit means comprises:

a. a first differential amplifier having first and second
inputs with said first input coupled to receive said
variable frequency signal,

b. a second differential amplifier coupled to said first
differential amplifier for generating said first train
of squared pulses; and

c. a hysteresis circuit coupling the second input of
said first differential amplifier with said second dif-
ferential amplifier providing hysteresis feedback
therebetween.

9. The combination of claim 8 wherein said integra-

tor means further comprises:

a. an operational amplifier coupled to said integrat-
ing capacitor for providing said DC signal; and

b. a filter coupled to said operational amplifier for
smoothing said DC signal.

10. A frequency converter responsive to a variable

frequency signal comprising:

a. a squaring circuit responsive to said variable signal
for generating a first train of squared pulses having
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time displacement related to the frequency of said
variable signal and having an amplitude switching
between first and second states;

b. a first current source gated by said first pulse train
to thereby generate a second pulse train having
pulses of uniform magnitude;

c. a differential comparator for generating a third
pulse train when the amplitude of the pulses of said
second pulse train exceeds a predetermined level;

d. an exclusive OR circuit for providing an exclusive
OR combination of said first and third pulse trains
to thereby provide a fourth pulse train having
pulses with time displacement relative to a change
of state of said first pulse train;

e. a second current source providing an output signal
matched in magnitude to that of said first current
source;

f. switching means responsive to said fourth pulse
train for gating said output signal of said second
current source to thereby provide a fifth pulse train
having pulses characterized by pulse width deter-
mined by said first current source and pulse ampli-
tudes determined by said second current source;
and

g. an integrator including a capacitor responsive to
said output signal of said second current source for
integrating said fifth pulse train and providing a DC
output signal having magnitude related to and vary-
ing with the frequency of said variable frequency
signal.

11. The combination of claim 10 including an output

transistor coupling said fifth pulse train to said integra-
tor with its collector coupled to said integrator for pro-

viding high impedance thereto.
* * * * *



